Hodgkin's and Reed-Sternberg cells of classical Hodgkin's lymphoma are primarily of B-cell origin, although there are instances of T-cell antigen expression suggesting T-cell origin. We comprehensively analyzed expression of various T-cell antigens in 259 classical Hodgkin's lymphoma cases using the tissue microarray technique. Expression of the T-cell antigens CD2, CD3, CD4, CD5, CD7 and CD8 was assessed by immunohistochemistry. Hodgkin's and Reed-Sternberg cells of T-cell marker-positive cases were microdissected and analyzed by a multiplex polymerase chain reaction for clonal immunoglobulin heavy chain-and T-cell receptor c gene rearrangements. In all, 12 cases (5%) expressed at least one T-cell marker in the following order: CD2 in 11 cases, CD4 in five, CD3 in two, and CD5 and CD8 in one case each; there were no CD7-positive cases, and five cases (2%) expressed more than one T-cell antigen. 
Molecular studies suggest that Hodgkin's and ReedSternberg cells of almost all classical Hodgkin's lymphomas originate from germinal center or postgerminal center B cells. [1] [2] [3] Phenotypically, depending on the method used and antibodies applied, 5 to 100% of Hodgkin's and Reed-Sternberg cells express B-cell markers such as CD19, CD20, CD40, CD79a, CD138, BCL6, BSAP and MUM1 (reviewed in Pileri et al 4 and Tzankov et al 5, 6 ). Moreover, in patients with composite classical Hodgkin's lymphoma/B-cell non-Hodgkin's lymphoma, Hodgkin's and Reed-Sternberg cells and B-non-Hodgkin's lymphoma cells appear to be clonally related. [7] [8] [9] [10] [11] Interestingly, a distinct proportion of classical Hodgkin's lymphomas express T-cell-or cytotoxic markers, and some of them seem to be derived from T cells. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] Immunophenotyping on frozen and paraffin-embedded material, flow cytometry and cell culture analyses showed that 5 to 60% of classical Hodgkin's lymphomas express T-and NKcell markers such as T-cell receptor b-chains, CD3, CD4, CD5, CD6, CD7, CD8, CD25, granzyme B and TIA-1. [12] [13] [14] [15] [16] [17] 19, [22] [23] [24] 27, 28 In a small number of cases, the expression of T-cell markers was corroborated by analysis of the T-cell receptor genes for clonal rearrangements on microdissected single Hodgkin's and Reed-Sternberg cells. 23, 27, 29 However, only three cases have been shown thus far to be of unequivocal T-cell origin. 23, 27 Moreover, there are controversial data on clonal relationships between Hodgkin's and Reed-Sternberg cells and T cells in patients with composite classical Hodgkin's lymphoma/T-nonHodgkin's lymphoma, 20, 30 with most cases being of different clonal origin. [31] [32] [33] In addition to the implications for the tumor biology and histogenesis of classical Hodgkin's lymphoma, T-cell marker expression in Hodgkin's and Reed-Sternberg cells can lead to serious differential diagnostic difficulties to peripheral T-cell lymphoma, particularly to anaplastic large-cell lymphoma. 4, 14, 18 To systematically analyze the expression and prognostic significance of a broad panel of T-cell markers (CD2, CD3, CD4, CD5, CD7 and CD8), we performed an immunophenotypic study on our recently published classical Hodgkin's lymphoma tissue microarray that was previously analyzed for the differential expression of B-cell markers and cell-cycle-regulating proteins. 6, 34, 35 Positive cases underwent further laser-capture microdissection of Hodgkin's and Reed-Sternberg cells for molecular investigation of immunoglobulin heavy chain-and T-cell receptor g gene rearrangements to establish the B-or T-cell histogenesis of Hodgkin's and ReedSternberg cells at single-cell level.
Materials and methods

Patients
In all, 330 paraffin-embedded classical Hodgkin's lymphoma tissue samples were included in this study. The cases covered all histological subtypes of the World Health Organization classification, 36 as described previously. 6, 34, 35 Patient characteristics, definition of clinical response, relapses, as well as overall and disease-specific survival were recently reported. 35 
Construction of Tissue Microarray
Construction of the tissue microarray was performed as described previously. 6, 34 Only cases containing at least two morphologically unequivocal CD30-positive Hodgkin's and Reed-Sternberg cells were included.
Immunohistochemistry
The tissue microarray slides were immunohistochemically stained using an automated immunostainer (Nexes, Ventana, USA). The primary antibodies and antigen retrieval techniques are listed in Table 1 . Bound secondary antibodies were visualized by standard avidin-biotin-peroxidase technique using diaminobenzidine as chromogen. For the T-cell markers CD2, CD3, CD4, CD5, CD7 and CD8, continuous membranous staining in Z20% of Hodgkin's and Reed-Sternberg cells was considered positive. Cases containing less than 10 Hodgkin's and Reed-Sternberg cells were evaluated as described previously, that is, at least 50% of the Hodgkin's and Reed-Sternberg cells had to demonstrate positive staining. 35 Special attention has been paid to Hodgkin's and Reed-Sternberg cells rimmed by T cells in order to assess true T-cell antigen expression in the neoplastic rather than in the adjacent T cells. Three investigators (AT, CB, SD) independently and carefully evaluated the cases. The few equivocal cases were discussed on a double-headed microscope in two consecutive runs. All classical Hodgkin's lymphoma cases expressing any T-cell marker on the tissue microarray were further analyzed by staining for the above-mentioned markers and additionally for BSAP, CD15, CD20, CD30, CD45RA, ALK-1 and EMA on conventional sections (provided paraffinembedded material was available) and selected for laser-capture microdissection of Hodgkin's and Reed-Sternberg cells. Quantification of BSAP expression was performed as described by Torlakovic and co-authors. 37 Laser-Capture Microdissection of Hodgkin's and Reed-Sternberg Cells Laser-capture microdissection was performed as recently described. 8 In all, 75-120 Hodgkin's and Reed-Sternberg cells were collected per sample. In all cases, Hodgkin's and Reed-Sternberg cells were isolated in two subsequent runs to perform duplicate molecular analyses. DNA from the microdissected Hodgkin's and ReedSternberg cells was extracted in a multistep manner as described elsewhere. 8 The multiplex polymerase chain reaction (PCR) analysis of immunoglobulin heavy chain-and T-cell receptor g gene rearrangements was performed as described previously. 38 However, to increase the amount of DNA from the single-cell preparations, 1 ml of the first PCR run (36 cycles) was transferred to a new tube and amplified again for 36 cycles.
Statistics
Statistical analysis was performed with the Statistical Package of Social Sciences. The Pearson's w 2 and the Mann-Whitney U-tests were used to estimate correlations between expression profiles and to compare means between groups. Diseasespecific and overall survival were analyzed by the Kaplan-Meier method and compared by the log-rank test. P-values below 0.05 were considered significant.
Results
Histopathology
Of 330 classical Hodgkin's lymphoma cases included in the tissue microarray, 259 (78%) were representative. The failed analysis of 71 cases (22%) was linked to specifications of the array technology, as described recently. 6, 34, 35 The evaluable cases consisted of 152 nodular sclerosis, 84 mixed cellularity, nine lymphocyte-rich, five lymphocytedepleted and nine unclassifiable classical Hodgkin's lymphomas. Cores containing no tissue varied from slide to slide.
Immunohistochemical Analysis of Tissue Microarray
The immunohistochemical results obtained on the tissue microarray are shown in Table 2 . Applying the above-mentioned score system, we detected 12 classical Hodgkin's lymphoma cases that expressed T-cell markers, seven expressed only one T-cell marker (mainly CD2) and the remaining five expressed up to four T-cell markers (Table 2, Figure 1 ). In the positive cases, a mean proportion of 40% of the Hodgkin's and Reed-Sternberg cells (range 20-100%) stained positively for the analyzed markers, except for CD8, the latter showing a weaker expression, at an intensity comparable to the reactive background small T lymphocytes, which served as internal positive controls (Figure 2a-f) . In all cases, Hodgkin's and Reed-Sternberg cells remained CD7 negative. Nodular sclerosis  152  9  6  8  5  2  1  4  3  1  1  Mixed cellularity  84  2  2  2  2  Lymphocyte rich  9  Lymphocyte depleted  5  1  20  1  20  1  20  1  20  Unclassified  9   Total  259  12  5  11  4  2  1 
Immunohistochemical Analysis of Conventional Sections
The immunohistochemical profiles on the corresponding conventional sections of the T-cell markerpositive tissue microarray cases are shown in Table  3 . Direct comparison showed a concordance for the results for T-cell markers as well as CD15 and CD20 of over 92% with those obtained on the tissue microarray. All T-cell antigen-positive classical T
Hodgkin's lymphoma cases were negative for ALK-1, EMA and CD45RA (Table 3) . Four cases (one with clonal T-cell receptor g-and two with clonal immunoglobulin heavy chain gene rearrangements) showed weak expression of BSAP, two stained strongly and four remained negative (one with clonal T-cell receptor g gene rearrangement).
Molecular Analysis
Amplifiable DNA could be isolated from 10 microdissected cases, and in seven cases, we were able to amplify the b-globin control gene. 1+  20  15  10  5  80  80  4  0  40  40  5  1+  20  15  20  20  20  20  80  80  6  0  100  100  80  80  60  60  10  5  7  2 +  3 0  3 0  15  20  20  10  8  2+  50  50  30  30  30  30  20  15  10  15  30  9   IgH   1+  40  40  50  50  20  30  30  10  0  30  30  10  5 a IgH and TCRg indicate cases, which evidenced clonally immunoglobulin heavy chain-(IgH) and T-cell receptor g (TCRg) gene rearrangements in Hodgkin's and Reed-Sternberg cells. Expression of T-cell markers in our classical Hodgkin's lymphoma collective was of borderline significance with respect to disease-specific survival (P ¼ 0.0536). Within the mean observation period of 148 months (range 0-331) for the collective with known follow-up data, there were nine fatal events among 105 T-cell marker-negative cases (mean survival 301 months, median not reached) and one fatality among the four T-cell marker-positive classical Hodgkin's lymphoma cases (mean survival 152 months, median not reached). However, the low numbers of cases in the latter group mean that the negative association of survival and T-cell antigen expression on Hodgkin's and Reed-Sternberg cells could also be due to chance. Remarkably, the only patient with evidence of clonal T-cell receptor g gene rearrangement died after 41 months, which was considerably shorter than the average expectancy in the analyzed population.
Discussion
Many studies have shown convincingly that the majority of classical Hodgkin's lymphomas are of Bcell origin, although Hodgkin's and Reed-Sternberg cells express B-cell markers only in a low number of cases. [1] [2] [3] 5, 6 T-cell marker expression in classical Hodgkin's lymphoma has also been occasionally reported, [12] [13] [14] [15] [16] [17] 19, [22] [23] [24] 27, 28 but classical Hodgkin's lymphoma cases of unequivocal T-cell origin are extremely rare. 23, 27 Using high-throughput tissue microarray technology, we investigated the largest series of classical Hodgkin's lymphomas yet analyzed for T-cell marker expression, which was found in 5% of cases in the following rank order: CD24CD44CD34CD54CD8; interestingly, 2% expressed more than one T-cell marker (Figure 1 ). This distribution is in line with, and considerably expands, the findings of other studies, since thus far published data were based on small collectives and lacked correlation with B-cell marker expression and clinicopathological characteristics (reviewed in Pileri et al, 4 Agnarsson and Kadin, 12 Cibull et al, 15 Falini et al, 17 Griesser et al, 19 Orazi et al 24 and Seitz et al 27 ). Direct validation demonstrated that the expression of T-cell markers on the tissue microarray matched the assessment on the corresponding conventional full tissue sections by at least 92%, again indicating that the tissue microarray approach is an excellent tool to look for expression profiles on large collectives. 6, 34, 35 Importantly, since Hodgkin's and Reed-Sternberg cells are often rimmed by T cells, antigen shedding from the latter had to be considered to rule out false positivity. Therefore, only cases with a clearcut continuous and complete membranous staining for the T-cell markers analyzed in Z20% of Hodgkin's and Reed-Sternberg cells were considered positive.
Evidence of clonal T-cell receptor g gene rearrangements in microdissected Hodgkin's and ReedSternberg cells was found in only two T-cell antigenexpressing classical Hodgkin's lymphomas out of 259 evaluable paraffin-embedded cases (o1%). However, we were not able to amplify the b-globin gene in three of 10 microdissected cases, probably because we analyzed single cells (75-120 cells/case) from archival paraffin-embedded tissue samples collected between 1979 and 2000. For comparison, all other studies that focused on single Hodgkin's and Reed-Sternberg cell analysis for clonal T-cell receptor gene rearrangements were performed on cells isolated from frozen tissue. 23, 27, 29 Nevertheless, the number of our cases with genotypic evidence of possible T-cell origin from among all phenotypically T-cell marker-positive classical Hodgkin's lymphomas (two of 12) is in accord with the report of Seitz et al 27 (two of 13). Our findings indicate that most Tcell antigen-positive classical Hodgkin's lymphomas aberrantly express these proteins, and only very few cases are of possible T-cell origin. Indeed, six and four T-cell marker-positive cases coexpressed the B-cell markers BSAP and CD20, respectively. Thus, the proportion of BSAP-positive cases within the T-cell marker expressing cases was lower than expected, 37 while that for CD20 was in line with the general level of CD20 expression in classical Hodgkin's lymphoma, 5 and particularly in the T-cell marker-negative group. Importantly, one of the classical Hodgkin's lymphoma patients (Figure 2f ) with evidence of clonal T-cell receptor g gene rearrangement (BSAP negative) had considerably shorter disease-specific survival, indicating a need for further clinical evaluation of such cases.
The discrepancy between genotypic cell origin of classical Hodgkin's lymphoma and phenotypic expression of T-and B-cell markers can be explained by profound defects in the lineage gene expression of Hodgkin's and Reed-Sternberg cells, 39, 40 which can lead to 'lineage infidelity' with probable aberrant expression of markers. On the other hand, markers considered T-cell lineage specific, such as CD2, can be detected on subsets of B cells. 41 Moreover, CD5-positive non-neoplastic B cells represent a well-defined population, 42 and there is increasing evidence for T-cell marker-positive B-cell lymphomas. 43, 44 The same is also true for CD20 in T-cell lymphomas; 45 remarkably, both our classical Hodgkin's lymphoma cases with genetic evidence of possible T-cell origin expressed CD20. Hodgkin's and Reed-Sternberg cells express CD15, which is also a T-cell activation antigen. 46 Recent findings indicate that some transcription factors of B-(OCT-1/BOB.1) 47 or T-cell lineage (T-bet) 48 can be aberrantly expressed in T-non-Hodgkin's-and classical Hodgkin's lymphomas, respectively, representing obviously a common phenomenon contributing to lymphomagenesis. Considering the lower number of BSAP-positive cases among T-cell marker-positive classical Hodgkin's lymphomas, an intriguing possibility is that silencing of BSAP in Hodgkin's and Reed-Sternberg cells may lead to the activation of lineage-inappropriate genes (reviewed in Nutt et al 49 
).
What is the biological significance of T-cell marker expression in classical Hodgkin's lymphoma without genetic evidence of T-cell origin? CD2, CD3, CD4, CD5 and CD8 play an important role in T-cell receptor signaling (reviewed in Werlen and Palmer 50 ), activating the tyrosine kinases p56 lck and p56 fyn . 51 Therefore, a possible explanation for T-cell marker expression in classical Hodgkin's lymphoma could be a futile attempt to circumvent the defective B-cell receptor expression and signaling cascade in Hodgkin's and Reed-Sternberg cells [1] [2] [3] by activating alternative signaling cascades. The profound defects in lineage gene expression of Hodgkin's and Reed-Sternberg cells 39, 40 may also contribute to unopposed activation of lineage-inappropriate genes. Otherwise, T-cell marker expression in Hodgkin's and Reed-Sternberg cells might be induced by the distinct classical Hodgkin's lymphoma cytokine milieu. 52 Finally, one could speculate that identical transformation events in both B-and T cells lead to a similar phenotypes regardless of lineage specificity.
In summary, based on comprehensive data form the thus far largest collective analyzed, we conclude that expression of T-cell markers in classical Hodgkin's lymphoma is rare; their aberrant expression on Hodgkin's and Reed-Sternberg cells of Bcell origin and T-cell histogenesis might account for the detection of T-cell markers in classical Hodgkin's lymphoma.
